Guanine nucleotide-binding regulatory proteins, or G proteins, mediate the interaction of agonist receptors on the platelet surface with phospholipase C and adenylyl cyclase. To better understand this process, we have used several approaches to identify which G proteins are present in platelets, normal human megakaryocytes, and human erythroleukemia (HEL) cells, a leukemic cell line with megakaryocytic features. Because platelet and HEL cell responses to thrombin are inhibited by pertussis toxin, we have focused upon the members of the G, family, whose a subunits can be ADP-ribosylated by that toxin. Western blots with antisera specific for G, demonstrated the presence in both platelets and HEL cells of the three bestdescribed forms of this protein: Gia1, G , , and G , . Based H E ABILITY OF thrombin to stimulate phosphoinosi-T tide hydrolysis by phospholipase C and to inhibit cAMP formation by adenylyl cyclase in human platelets is believed to be mediated by one or more pertussis toxinsensitive guanine nucleotide-binding regulatory proteins, or G proteins.'-" However, although such proteins are known to exist in platelets, there continues to be uncertainty about their identities. For example, inhibition of cAMP formation is generally ascribed to the G protein referred to as Gi, but cloning studies in cells other than platelets have shown that there are a t least three forms of Gi, with a subunits designated GiUI, Gia2, and Giu3.12"3 These proteins are 85% to 95% homologous with each other, but they differ in their tissue distribution and may serve different functions. Which of them is present in platelets and whether other pertussis toxin-sensitive G proteins are also present is unknown. Many of the same considerations apply to the G protein or proteins that mediate agonist-induced phosphoinositide hydrolysis by phospholipase C. This G protein is often referred to as "G,," but to date no single G protein has been shown to be uniquely capable of mediating the interaction between agonist receptors and phospholipase C. It is possible that one of the members of the G, family serves as G, and regulates phospholipase C in cells in which agonist-induced phosphoinositide hydrolysis is inhibited by pertussis toxin, but this remains to be established.
H E ABILITY OF thrombin to stimulate phosphoinosi-T tide hydrolysis by phospholipase C and to inhibit cAMP formation by adenylyl cyclase in human platelets is believed to be mediated by one or more pertussis toxinsensitive guanine nucleotide-binding regulatory proteins, or G proteins.'-" However, although such proteins are known to exist in platelets, there continues to be uncertainty about their identities. For example, inhibition of cAMP formation is generally ascribed to the G protein referred to as Gi, but cloning studies in cells other than platelets have shown that there are a t least three forms of Gi, with a subunits designated GiUI, Gia2, and Giu3.12"3 These proteins are 85% to 95% homologous with each other, but they differ in their tissue distribution and may serve different functions. Which of them is present in platelets and whether other pertussis toxin-sensitive G proteins are also present is unknown.
Many of the same considerations apply to the G protein or proteins that mediate agonist-induced phosphoinositide hydrolysis by phospholipase C. This G protein is often referred to as "G,," but to date no single G protein has been shown to be uniquely capable of mediating the interaction between agonist receptors and phospholipase C. It is possible that one of the members of the G, family serves as G, and regulates phospholipase C in cells in which agonist-induced phosphoinositide hydrolysis is inhibited by pertussis toxin, but this remains to be established.
In previous studies the pertussis toxin-sensitive G protein a subunits present in platelets were detected by incubating permeabilized platelets or platelet membranes with the toxin and 32P-NAD.531"17 When analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), a single band of radioactivity was observed that had an apparent mass of approximately 41 Kd, a size that is compatible with any of the known G,, types. At least two radiolabeled proteins within this band could be resolved by isoelectric focusing." Limited digestion of each of these with trypsin or staphylococcal V8 protease gave rise to identical arrays of radiolabeled fragments." This suggests that the pertussis-toxin substrates in platelets are highly homologous to each other but leaves open the question of whether they are distinct but related proteins or a single protein that has undergone a posttranslational modification affecting its isoelectric point.
Many of these observations about pertussis toxin, G proteins, and the interaction of thrombin receptors with adenylyl cyclase and phospholipase C also apply to human erythroleukemia (HEL) cells. HEL cells are a human leukemic cell line that has been shown to synthesize proteins that are characteristic of the megakaryocyte/platelet lineage, including membrane glycoproteins Ib, IIb, and IIIa and the secretory protein, platelet factor 4.'9-21 In addition, HEL cells, like platelets, express thrombin receptors that are coupled to phospholipase C and adenylyl cyclase via one or more pertussis toxin-sensitive G proteins, making them a useful model for some aspects of platelet f u n~t i o n .~~'~~ In the present studies we have used immunologic and molecular biologic approaches to identify and to determine the relative abundance of the G protein a subunits in platelets, HEL cells, and megakaryocytes that are substrates for pertussis toxin. The results suggest that all of the previously noted proteins in immunoprrcipitata. sampla were incubated with nonimmune serum (1:100) at 4OC for I hour. followed by Pansorbin (Calbiochem) for 2 houn. The Pansorbin and bound protein were removed by mtrifugtion. Antisera were added to the supmutants at dilutions ranging from I:!? to 1:IOo and incubated at 4% omnight. The incubation was continued for 2 houn after the addition of Protein A-Sephanae. Precipitates were blared by centrifugation. washed t h m tima by musperuion and m t r i f u gtion in l SO mmol/l. NaCI. 50 " o l / L sadium phosphate, pH 8.0.2 mmol/L EDTA. and 0.5% Triton X-100. Twdimcnsional PAGE analysis was performed by a procedure modified from OFarrcIl."~" The precipitates werc prepared for isoelectric focusing by suspension in 2 3 % Lubrol-PX. 2 7 Rio-Lyta 5/7 (BioRad. Richmond. CA).
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The peptides used to prepare G,-spbcific antisera amino-acid sequences of the three fully described forms of G,. The regions that were selected w m either common 10 all three members of the family or specific for just OM. The sequences and approximate locations or rhe pcptida are sbn in Fig 1, twerher New I n l a n d white rabbits." Antixrum 1398 was prepared from a w i d e w~O K mu-is " O n 10 G,,, G,, and G-,. ~n1i-m 8730 w a -red fm a pptide saque= prrrent in G,, and G,, but dimming by two amino residua from the corresponding saquence in G",. Antisera 3646 and 152 I w m prepad from peptides specific for G,, and G,? and are thmtically identical to rhare previously described by Goldsmith et al." A sample of the G,,-specific antiserum LD/2 prepared by Goldsmith et al" was kindly provided to us by Dr A. Spiegel and was used for comparison. Antiserum IS I8 was prepared from a peptide specific for Gml. The predicted specificitia of all of these antisera w e n confirmed by immunotransfer blotting using recombinant GuI, G,?. and GWI that were synthaited using vectors in Escherichia m/i supplied by D n M. Linder and A. Gilman-(University of Texas Health Sciences Center. Dallas) (Fig 2) .
Platelet membrana were prepad a described.'' HEL cell membrana were prepared from alls growing 725 tively immunoprecipitated with the G,,-specific antiserum, 1518, suggesting that it is Gia,. The locations of these two proteins after ADP ribosylation is similar to that previously observed by us for "P-ADP-ribosylated proteins isolated from platelet membranes incubated with "P-NAD and pertussis toxin," suggesting that those proteins were also Giuz and GiU3. Additional support for this conclusion was obtained by using antisera 1521 and 1518 to immunoprecipitate "P-ADP-ribosylated proteins from platelet membranes. Each antiserum immunoprecipitated a single radiolabeled species whose relative position on the two-dimensional autoradiogram was similar to those shown in the right half of Fig 3 (not  shown) .
RESULTS
In addition to the two proteins identified as G, , and G,,, a third protein was seen in the HEL cell immunoprecipitates with antisera 1398 and 8730 that had an isoelectric point more basic than either Gia, or Gia3 (Fig 3) . This was the least intensely radiolabeled of the three distinguishable proteins. Based upon its immunoprecipitation by antisera 1398 and 8730 and not by the Gi,, and G,,-selective antisera 1521 and 1518, it is tentatively identified as G,,. This conclusion is supported by the observed mobility of purified brain G,, on two-dimensional gels reported by Goldsmith et al." However, the G,,-specific antiserum, 3646, which might have confirmed this identification, failed to immunoprecipitate detectable amounts of any of the radiolabeled HEL cell proteins.
Identij5cation and sequencing of Cia clones from an HEL cell cDNA library. An HEL cell cDNA library previously used to obtain full-length clones for platelet factor 4 and membrane glycoproteins IIb and IIIa19"' was screened with antiserum 1398, which recognizes all three forms of G, .
From 40,000 plaques tested, 10 positive clones were isolated. Nine of these were identified as Gi, by restriction mapping and/or sequence analysis. The remaining clone encoded Gk,.
No clones expressing Gial were found among those purified from the HEL cell library. The two longest clones of each type were sequenced completely. The Giaz clone is 208 1 nucleotides long and 100% homologous in its predicted coding region to a human lymphocyte Giuz cDNA clone (Fig 4) .40 It is, however, several hundred nucleotides longer in the 3' untranslated region. Minor differences in the 5' and 3' untranslated regions of the HEL cell and lymphocyte clones may represent actual differences in these regions due to genetic drift.
The Gia, clone is 1469 nucleotides in length and also demonstrates close homology to human lymphocyte Gia3,40 although the HEL cell clone is slightly truncated, missing the 5' untranslated region and the first three amino acids (Fig 5) .
The HEL cell cDNA clones shown in Figs 4 and 5 were used to develop probes that could be used to detect messenger RNA (mRNA) encoding Giaz and Giu3 in platelets. To minimize crossreactivity between different G, subtypes, restriction fragments were prepared from the 3' untranslated region of each. The 752-bp KpnIIEcoRI fragment from G , recognized a band migrating at approximately 2.4-kB in both HEL cell and platelet RNA (Fig 6A) . The 299-bp Sphl/EcoRI fragment from Giu3 hybridized with a species at 1.65 Kb in Detection of mRNA encoding Cia inplatelets. both platelets and HEL cells (Fig 6B) . In contrast, neither platelet nor HEL cell RNA hybridized consistently with a 254-bp ScaI/EcoRI fragment composed of the entire 3' untranslated region of a human brain G,, clone!, Human platelets contain only relatively small amounts of RNA, which represents residual megakaryocyte RNA. Several approaches were used to ensure that the G, RNA detected in platelets by Northern blotting was actually from platelets and not due solely to contamination from the WBCs that are invariably present in platelet preparations. First, a probe that recognizes RNA encoding the platelet-specific protein, platelet factor 4, was used to confirm the presence of platelet RNA. Second, a probe against the / 3 subunit of the neutrophil protein, LFA1, was used to detect white-cell RNA.44 Comparison of the relative amounts of PF4, LFAl,, and Giaz RNA detectable in typical platelet preparations with the amounts detectable in deliberately white cellenriched RNA preparations confirmed the presence in the platelet preparation of amounts of Gi,, in excess of that which could be attributed to contamination by white cell RNA (not shown).
For In situ hybridization studies with megakoryocytes. Further confirmation that mRNA encoding G,, and G,, is present in platelets was obtained by examining megakaryocytes by in situ hybridization techniques that allowed direct visualization and identification of individual cells. For these studies the fragments from the 3' untranslated regions of the HEL cell G,, and G,, cDNA clones and the brain G,,
2.4 Kb -I H P P H P P cDNA clone were oligolabeled with biotin-l I-dUTP and incubated with megakaryocytes that had been fixed with paraformaldehyde. Hybridization of the probes to the megakaryocyte RNA was detected using the streptavidin-alkaline phosphatase color reaction. A positive signal is indicated by the appearance of purple-brown precipitate in the cytoplasm of the cell, the density of which is related to abundance of the mRNA.".'' The results in Fig 7 show that megakaryocytes react strongly with the G,, probe and. to a lesser extent. the G,, probe. The G,, probe gave a result that was equivocal or negative compared IO the pBR322 control.
DISCUSSION
The interaction of thrombin receptors with adenylyl cyclase and phospholipase C in human platelets and HEL cells is thought to be mediated by one or more G proteins with ca subunits that are substrates for pertussis toxin. This conclusion is based largely on the evidence from studies of cell function which are reviewed elsewhere." However, there remains uncertainty about the number of pertussis toxinsensitive G proteins present in platelets and the identity of the particular G proteins that stimulate phosphoinositide hydrolysis ("G,") and inhibit CAMP formation ("G,"). In our previous studies. we found that platelets contain at least two highly homologous pertussis-toxin substrates with the same mol wt, On the other hand. we have been unable to oonfirm the antisera of established specificity revealed G,,. Gal. and G,, observation by Crouch et al" of a 38-Kd G,-like platelet by Western blotting. When the same antisera were used to protein using any of the G,dincted antisera employed in immunoprecipitate proteins extracted from [ '%]-methioninethis or an earlier study." including the C-terminal peptide labeled HEL cells, three radiolabeled proteins could be G, antiserum 8730 that is theoretically equivalent to the identified that had the expected mol wt and that underwent AS/7 antiserum used by Crouch et al" (Fig 2) . the appropriate shift in isoelectric point upon ADP-
The relationship between the G, , and G,, present in ribosylation by pertussis toxin. The relative mobility of these platelets and HEL cells and the corresponding prot6ns
proteins was consistent with that observed previously by present in other cells was explored by isolating and sequencGoldsmith et al'' for purified brain G,,, Gal. and Gal. ing clones encoding G,, and G,j from a HEL cell cDNA Assuming that the three proteins incorporate ["S]-methiolibrary. R a d upon predicted amino-acid analysis. the codnine to approximately the same extent and are equally ing regions of the HEL cell proteins appears to be identical immunoprecipitable by the "*common" antiserum 1398. the with those from other sources. Tissue or species-specific relative abundance of the proteins is G,, P G,, > G,,. R a d dilferences in the 3' untranslated regions of the clones. which upon similarity of size and isoelectric behavior. it is likely are not unexpected. were exploited to create non-crmsthat the two "P-ADP-ribosylated proteins noted in our reactive cDNA probes. These probes were used to confirm earlier studies were G,, and Cia,.
that RNA encoding G,, and G,, is present in platelets (by This conclusion is compatible with recent observations by Northern blotting) and megakaryocytes (by in situ hybriditatwo other groups of investigators. N a g t a et al' isolated two tion). The ability todirectly visualize megakaryocytes during pertussis-toxin substrates from cholate extracts of platelets. the in situ hybridization studies confirmed the source of the B a d upon limited sequencing, the more abundant protein reactivity.
appeared to be G,? The less abundant was tentatively
Thus the immunologic and molecular biological studies identified as either G,, or G,,. Similarly, Crouch et al" suggest that platelets and HEL cells contain all three known detected a prominently immunoreactive 40-Kd protein in members of the G, family. Our failure to detect G,, in the platelets using a peptide-directed. G,,-selective antiserum.
HEL cell cDNA expression library by antibody screening. in ? ?
24
The identities and possible roles of the G proteins currently known to exist in platelets. The data for the G, family are discussed in this report.
platelet R N A by Northern analysis, or in megakaryocytes by in situ hybridization suggests that it is, in fact, the least abundant of the three proteins in these cells. An alternative explanation, which is that the positive Western blot seen with the G,,-selective antiserum shown in Fig 2 was due to cross-reactivity with Giu2 or Gia3, seems less likely. We were unable to detect such cross-reactivity even when the concentration of recombinant Gia2 and Giu3 were increased 10-fold over the amounts shown in Fig 2. Furthermore, the same Western blot result with recombinant G, and membranes from platelets and HEL cells was obtained with a second G,,-selective antiserum directed against the same peptide sequence." All of the G protein a subunits currently known to exist in platelets are listed in Table 1 . The pertussis-toxin substrates are members of the G, family. All of these have an apparent mass of 40 to 41 Kd. An additional pertussis-toxin substrate with an apparent mass of 39-Kd has been reported' but has not been a general
The assignment of phospholipase C regulation to one or more of the members of the G, family is speculative. Based upon the inhibitory effects of a G,-selective antiserum, Giu2 has been implicated in the regulation of adenylyl cyclase in platelets,58 but equivalent data are not yet available for phospholipase C. There is also, as yet, no explanation for the observed ability of thrombin to interact with both phospholipase C and adenylyl cyclase, while epinephrine is limited to adenylyl cyclase. Data from a number of laboratories suggest that thrombin receptors and epinephrine (a,-adrenergic) receptors are differentially coupled to the pertussis toxin-sensitive G proteins in p I a t e l e t~, "~'~~~~~~' but the precise basis for this differentiation is still unknown. In an earlier study we demonstrated, based upon the criterion of the ability of an agonist to inhibit ADP-ribosylation of G proteins coupled to its receptors, that both epinephrine and thrombin are coupled to what are now shown to be Giu2 and G,,." This suggests that the differences in the functional responses of platelets to thrombin and epinephrine are probably not attributable solely to differences in the interaction of their receptors with these two G proteins.
In addition to the members of G, family, platelets contain at least two forms of G, that are not substrates for pertussis toxin. The first of these is G,,, the a subunit of the G protein that stimulates adenylyl cyclase in platelets in response to agents such as PGI, and PGE,.59-61 G, exists as two subfamilies with different apparent m a~s e s .~, ,~~ Based upon radiolabeling with cholera toxin, platelets and HEL cells contain a t least the 45-Kd form of Gs,.61 The second pertussis toxininsensitive G protein in platelets has the same apparent mol wt as the members of the G, family but is antigenically related to G, rather than Gi,.24 G, is a putative G protein a subunit that was originally cloned from human retina and rat brai11.6~3~~ It is only 60% homologous with G, and has no known function. Based upon immunotransfer blotting with G,-specific antisera, the amount of the G,-like protein (''Gm(plt)") in platelets probably lies between Giu3 and Giu2. 24 How similar G,(p,,) is to G, remains to be determined. Although not a substrate for pertussis toxin, G,(pl,) is phosphorylated during platelet a~tivation.,~ The effects of this phosphorylation and the role of G,(p,t) are unknown.
In conclusion, the currently available evidence suggests that one or more pertussis toxin-sensitive G proteins helps to regulate phospholipase C and adenylyl cyclase in both platelets and HEL cells. The data from the present studies demonstrate that both types of cells contain at least two members of the G, family that are candidates for this role. Which G protein is involved in which reaction and the role of pertussis toxin-insensitive G proteins such as G, remain to be determined.
